Abstract. We present an electrically actuated tunable optical grating based on dielectric elastomer actuators. A simple fabrication protocol is presented, which integrates the grating with the actuating mechanism both made of soft elastomers, improving the tunability of the grating. The device is designed to be operated in the transmission mode. It exhibits a continuous period tunability of 34.4% at an actuation voltage of 5.5 kV, which is an improvement over reported tunable optical gratings.
Introduction
Tunable optical gratings are used for a wide range of applications, including spectroscopy, 1 displays, 2 and optical communication systems. 3 The ability to tune the period over a large range is an important feature for all these optical applications. Silicon-based microfabrication technology is widely used for tunable grating devices. [4] [5] [6] However, such devices have limited tuning range. 12.5% tuning has been reported for an electrostatically actuated micro electro mechanical systems (MEMS) device. 7 Thermally actuated MEMS devices 8 can offer improved tuning up to 25% but are limited by slow response time and high power consumption. Another approach for highly tunable optical devices is fluidic actuation of elastomer membranes. 9 Elastomer grating devices with fluidic actuation with 30% period tunability have been reported. 10 Performance is limited by beam profile distortion due to out-of-plane actuation. Also, actuation speed is constrained by the fluid injection mechanism. A promising actuation alternative is provided by dielectric elastomer actuators (DEAs), due to their ability to generate large strains at high speeds, the speed of the response being limited typically by viscoelastic losses and electrical response time. 11 They have been employed in diverse areas such as micropumps, 12 robotics, 13 and haptic devices. In addition to enabling large strains, the optical transparency of the elastomers in the visible range has made it possible to realize phase retarders, 14 tunable lenses, 15, 16 and tunable gratings. [17] [18] [19] [20] [21] [22] [23] We present here a silicon-based transmission grating with an improved period tunability of 34.4%, which we achieved with an improved design and fabrication technique. The majority of the DEA-based devices reported in this field consist of acrylic-based actuators onto which a separately fabricated soft grating is bonded. In contrast, our device contains the grating as an integral part of the actuator, with all parts being made of silicon elastomer. DEAs based on the 3M acrylic very high bond (VHB) have demonstrated snap-through area strain up to 1692% 24 and generally offer several times higher strain than siliconbased devices. However, VHB suffers from high viscoelastic losses and creep compared with silicon elastomers, and its lifetime is limited due to the high prestretch required.
Although not capable of delivering as high a strain as VHB, silicon elastomers exhibit much faster electromechanical response and much better position stability. 25 Fast and accurate tuning of optical parameters, such as focal length and grating period, are essential for tunable optical devices. Also important is the ability to hold to a stable state for an extended time. These requirements are better met by silicon elastomers, 16 which have been our choice as membrane material for the present work. The generally lower actuation strain obtained with silicon membranes is addressed by our design and fabrication protocol, which allow our device to exhibit strains comparable with what has been achieved with VHB-based tunable gratings. Designed to be operated in the transmission mode, the device contains no reflective layers, which would stiffen the actuator. This, combined with the reduced stiffness obtained thanks to the integration of the grating into the actuator membrane, allows reaching larger tuning ranges. Therefore, even though the actuator is based on a silicon membrane, our device can exhibit up to 34.4% of tuning range, which is much higher than most published results on VHB, 18, 20 and can perform better than the highest tuning range of 32% reported on VHB. 22 
Principle of Operation
Our device consists of a prestretched elastomer membrane with sinusoidal surface profile on the top surface and two sets of printed electrodes, leaving the central region of the membrane to be used as an optical grating (see Fig. 2 ). The electrode regions expand when electrostatically actuated (illustrated in Fig. 1 ), and this produces a compressive strain on the grating at the center, thereby changing the grating pitch. The operation of a diffraction grating in normal incidence is described by the grating equation d sin θ m ¼ mλ; where θ m denotes the diffraction angle of the m'th order for a grating with period d and with light of wavelength λ incident on it. A detector positioned at a given θ will detect different wavelengths present in the incident beam as the period is tuned.
The working principle of a DEA is depicted in Fig. 1 . An elastomer layer is sandwiched between a pair of compliant electrodes. When a voltage V is applied across the electrodes, due to Maxwell's stress, 26 -28 a thickness strain S z ¼ −ðεV 2 ∕Yt 2 Þ is experienced by the sandwiched membrane. Here, t is the thickness of the membrane, ε is the electric permittivity, and Y is the Young's modulus of the material. This equation for thickness strain is valid only for small strains, and the thickness can be assumed to be the initial thickness of the membrane. Assuming that the membrane is incompressible, the strains in planar directions are related to S z through the following equation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 8 6 
If the strains in planar dimensions are taken to be the same, i.e., S ¼ S x ¼ S y , the equation reduces to E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 4 3 2 S ¼
As the membrane becomes thinner due to the thickness strain, its area increases. If an optical grating is present on top of the membrane, the grating period increases with the applied voltage. With a reflective layer coated on the grating, this configuration has been employed for fabrication of reflective tunable gratings. 22 To fabricate a transmission grating, a scheme such as the one shown in Fig. 2 is used in our device. In this configuration, two pairs of electrodes define the active region of the device. The membrane is now constrained on the boundaries with the help of frames, so that the induced strain is concentrated in the passive region at the center. Furthermore, the membrane is stretched prior to attaching the fixed frame. Once the active regions expand on actuation, compressive strain is developed in the passive region, which could buckle the membrane and deform the gratings. Prestretching the membrane ensures that the membrane is already in tensile stress, thereby avoiding buckling during actuation. Also, the prestretch eliminates the electromechanical instability of the membrane and allows for high actuation strain. 29 Upon actuation, the electrodes expand and the passive region contracts in length, thereby reducing the period of grating in this region. The strain in the passive region is considered the negative of S, modified by a geometric parameter that depends on the electrode geometry. In Fig. 2 , the total length (2l e þ l p ) remains constant due to the fixed boundary condition. Due to a strain S, the elongation of each electrode is Sl e , and to maintain the total length constant, the passive region compresses to a lengthl p ½1 − 2Sðl e ∕l p Þ. In terms of the grating period, the period d at a strain S can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 8 7
where d 0 is the period of the grating in the unactuated state and k is the geometric parameter given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 3 4
The tunable grating device discussed here works in the transmission mode with the passive central region illuminated at normal incidence.
The configuration shown in Fig. 2 has been used in the design of other tunable transmissive gratings, but with the grating added as a separate layer bonded to an actuator membrane. 18, 21, 23 The drawback of this approach is that the grating stiffens the actuator and therefore the maximum induced strain of the actuator is reduced compared with the bare actuator. In this work, we developed a process where the grating layer is intrinsically part of the actuator membrane, thereby enhancing the tunability of the grating by eliminating the stiffening impact of the grating.
Fabrication of the Device

Fabrication
The tunable grating device is made from two membranes separately cast on flexible temporary substrates (Fig. 3) . One of the membranes is cast on a master-grating sheet, seen in Fig. 3(a) , so that the grating profile is replicated on the membrane once cured. Holographic grating sheets from Rainbow Symphony with sinusoidal grating profiles were used as the master grating. The master grating is silanized prior to the casting of membrane. This inhibits the adhesion between the silicon membrane and the grating sheets, thereby making the release of the cured membrane easier. The second membrane is cast on a substrate of polyethylene terephthalate (PET) foil with an intermediate layer of poly (acrylic acid) (PAA) used as sacrificial layer, allowing the separation of the silicon membrane from the PET substrate. Both membranes are made by mixing parts A and B of the silicon Nusil CF 18-2186 in the ratio 1:1 with an equal amount by weight of a siloxane-based solvent and are cured at 80°C for 2 h after casting. The second membrane is cut into circular pieces and is transferred to a temporary flexible frame. The PET substrate is removed from the membrane by immersing in hot DI water, which dissolves the intermediate PAA layer. The grating membrane is then oxygen-plasma bonded to this membrane with a drop of isopropyl alcohol between the membranes to avoid curling and formation of air traps while bonding. Once the membranes are well bonded, as shown in Fig. 3(b) , the master grating is peeled off, leaving behind the structure shown in Fig. 3(c) . The method of bonding two membranes to form the devices helps in effortless removal of the master grating from the membrane. The grating membrane is firmly supported by the bonded membrane on one side, holding the grating membrane in position, thus avoiding curling and damage to the grating membrane while the master grating is removed from the other side. The membrane is equibiaxially prestretched and attached to a rigid PMMA frame [ Fig. 3(d) ]. Electrodes are contact printed on the top and bottom sides of the membrane in alignment with the grating lines (Fig. 2) . The electrode material is prepared by mixing carbon black in silicon, as detailed in Ref. 30 , and is cured in an oven at 80°C for 30 min after the contact printing. The surface profile of the original and replicated gratings (on the membrane) is shown in Fig. 4 . The profiles were not measured at the same location of the master grating and the membrane. The average grating height of the master grating is 0.219 μm with a standard deviation of 0.017 μm. The numbers are 0.198 and 0.016 μm, respectively, for the replicated grating, clearly indicating the success of the replication process. After the device is fabricated, the membrane is 38 μm thick.
Design Optimization
The performance of the device is largely determined by the prestretch of the silicon membrane, the geometry of the electrode, and its position on the membrane. 31 The effect of both the prestretch and the geometry was studied experimentally, and the optimum values, which provide the maximum compressive strain in the passive region, were used to fabricate the final set of devices. These optimization steps were carried out on single-membrane devices that did not contain gratings. The grating depth being small compared with the total thickness of the device (less than 1%), the final devices with gratings show the same behavior on actuation. The devices were actuated with voltage values, ramped up in steps from zero, up to their breakdown voltages, at which point the devices fail. The induced compressive strain in the passive region was calculated by observing the change in position of the edges of the electrodes during actuation as captured on a camera. To study the effect of prestretch, devices with prestretch ratio varying from 1.2 to 1.9 of the original dimension were fabricated, keeping the shape and size of electrodes the same on all the devices. For devices with prestretch ratio up to 1.4, the maximum induced strain was observed to be not greater than 10%. The induced strain improved up to 21.5% as the prestretch ratio was increased to 1.9. The response of the devices to an applied voltage follows the same trend for prestretch ratio of 1.5 and above (Fig. 5) .
In another set of experiments, the effect of size and positioning of electrodes were studied. The area of the electrodes defines the passive region at the center available for illumination. As described by Eqs. (3) and (4), for any given prestretch of the membrane, the geometric parameter determines the compressive strain induced in passive region and therefore the tunability of the grating. In the experiment, l p is increased while keeping the total length (2l e þ l p ) a constant. As the separation l p is increased, the induced compressive strain in the passive region is found to decrease. For example, in a membrane with prestretch of 1.2, the induced strain is 13% for the interelectrode distance of 6 mm and reduces to 4% when the electrodes are placed at a separation of 16 mm (Fig. 6 ).
The first-order diffraction efficiency of a sinusoidal phase grating is expressed in terms of the first-order Bessel function [½J 1 ðm∕2Þ
2 for an optical phase delay of m ¼ 2πðn − 1Þs∕λ, where n is the refractive index (1.445 for Nusil CF 18-2186), s is the grating height, and λ is the wavelength. To obtain the maximum possible efficiency of 33.8%, a grating height of 0.833 μm is required at a wavelength of 632.8 nm. The grating master used in the fabrication had a height of 0.219 μm, which means a diffraction efficiency of 5%. Even though the grating master chosen for the fabrication is not ideal in terms of diffraction efficiency, it is readily available and serves the purpose of demonstrating the fabrication process.
Results and Discussion
Optical Characterization Results
The devices were optically tested for the tunability of the grating period. The central region of the device is illuminated with a He-Ne laser (632.8 nm) at normal incidence. The transmitted diffraction pattern is allowed to fall on a screen normal to the input laser beam. The DC voltage, applied across the pair of electrodes, is swept from 0 V up to the breakdown voltage of the device in discrete steps. The period of the grating for each applied voltage is calculated from the observed position of the first-order diffraction spot on the screen, with respect to the zeroth order. Devices made from master gratings of period 1 μm were tested. The grating period varies from the prestretched value of 1.42 μm at 0 kV to a final value of 1.06 μm at 5.5 kV (Fig. 7) . This corresponds to a tuning range of 34.4%, with the grating period of the nonprestretched membrane as a reference. The observed tuning of the device follows the theoretical curve [Eq. (3)], with a geometric parameter of k ¼ 0.65 (Fig. 7) .
A common drawback with elastomer-based tunable grating is that with the tuning of the grating period, the grating height is also modulated during actuation. This changes the diffraction efficiency of the grating with applied voltage. As it was not experimentally possible to measure the surface profile of the grating during actuation, an estimate of the change in first-order diffraction efficiency was carried out as follows. Surface profiling of the device, in its unactuated state (grating period of 1.42 μm), shows a grating height of 0.198 μm, while the original master grating has a height of 0.219 μm. Therefore, the maximum possible change in grating height during actuation would be 21 nm, which means a change in first-order efficiency ½J 1 ðm∕2Þ 2 of only 0.95%. The observed first-order efficiency did not vary much during the entire range of the tuning of the grating, and the expected change was not captured by the photodetector used.
The profiles of the first-order diffracted beams for a device with prestretch ratio of 1.2 were captured with a CCD camera. The beam retains its original profile up to 5 kV. Beyond this value, it starts distorting, which indicates a deformation of the grating at voltages higher than 5 kV (Fig. 8) . The deformation of the grating profile can be attributed to increased nonlinearity in mechanical behavior of the material at high voltages. The mechanism of beam profile deformation needs to be explored further.
Conclusions
We have fabricated and characterized a transmission optical grating for the visible range whose period can be tuned based on the DEAs. A simple and efficient fabrication technique has been developed. The grating period of the device demonstrates an analog tuning of 34.4% at a voltage of 5.5 kV. This tuning range is the highest reported in the class of tunable optical gratings driven by DEA. The higher tuning range is obtained as a result of the way the grating is fabricated. Unlike previously reported approaches, where the grating is bonded onto a prestretched acrylic actuator membrane, our device has the advantage that the grating is an integral part of the actuated membrane, simplifying processing, but more importantly adding very little stiffness to the device. As the device is designed for use in transmission mode, no reflective coatings are required on the membrane, which would increase the membrane stiffness. Our method has made it possible to fabricate highly tunable gratings with silicon elastomers, exploiting their optical quality, low viscoelasticity, and rapid response, despite their lower actuation strain compared with acrylic elastomers used in earlier approaches. [18] [19] [20] 22 The height of the grating, which determines the diffraction efficiency, varies very little during actuation.
In this work, off-the-shelf master gratings were used in the fabrication process, which resulted in poor efficiency due to their unoptimized height. The first-order efficiency can be increased substantially by having master gratings fabricated with appropriate values for the initial grating height. Devices with high optical efficiency can be made by employing master gratings of suitable dimensions and grating profiles. Since silanization works well with oxidized silicon surfaces, silicon substrates with microfabricated grating profiles are a good choice for high-efficiency tunable devices. The fabrication protocol can easily be extended to elastomer materials of higher dielectric constant and membranes of lower thickness, thereby improving the tunability and bringing down the actuation voltage. The dimensions that offer the best tuning of the device were fixed by independently optimizing the value of prestretch of the polymer membrane and electrode dimensions. There is a scope of further increasing the tunability of the device by varying the parameters of electrode geometry and the nature of prestretch. 
